background: Vitrification is becoming the method of choice for embryo cryopreservation. Nevertheless, major problems are still associated with this process such as chemical toxicity and osmotic stress as well as risk of liquid nitrogen (LN) contamination.
Introduction
The first successful pregnancy resulting from the transfer of a human embryo that had been cryopreserved by slow cooling was reported in 1983 (Trounson and Mohr, 1983) . Today, IVF programmes routinely use embryo cryopreservation to augment cumulative pregnancy rates from a single oocyte retrieval, with vitrification rapidly becoming the method of choice (Nawroth et al., 2005; Vajta and Kuwayama, 2006) . Vitrification is a process in which liquids solidify without crystallization (Luyet, 1937) . Compared with the slow cooling procedures, vitrification methods are very rapid. Three key factors influence the probability of successful vitrification: cooling and warming rates, the composition of the cryoprotectant solution which is reflected in the viscosity of the sample and sample volume. Increasing the cooling/warming rate (Vajta and Kuwayama, 2006) , raising the cryoprotectant content or decreasing the sample volume will each increase the probability of vitrification (Arav, 1992) .
In the past, vitrification was achieved by simply plunging the sample into liquid nitrogen (LN) at 21968C (Rall and Fahy, 1985) . During this process, heat transfer from the sample into the LN leads to the evaporation of LN around the sample, resulting in the formation of a nitrogen gas layer, which acts as an insulator. This insulation impedes the heat transfer (Cowley et al., 1961) and makes it impossible to achieve the high and uniform cooling rate that is thought to be particularly important during the initial stages of cooling through the 'dangerous zone' (Mazur et al., 1992; Vajta et al., 1998) : this is the temperature zone (from 258 to 08C) within which the embryo is most prone to damage from chilling injury (Zeron et al., 1999) .
Increasing the concentration of the cryoprotectant increases the viscosity of the vitrification solution (VS), thereby reducing ice crystal formation during the cooling process. However, cryoprotectants tend to be toxic when used at concentrations that are effective for successful vitrification. The toxicity and the osmotic pressure created by the high cryoprotectant concentration are highly damaging to the cells, and it is therefore crucial to restrict cryoprotectants to low concentrations. It has been suggested that increasing the cooling rate by decreasing the sample volume allows a reduction in cryoprotectant concentration (Arav, 1992; Yavin and Arav, 2007) , and a method for increasing the cooling rate by utilizing LN slush has been described previously (Arav et al., 2000b) .
The third factor influencing the probability of successful vitrification is the volume of the sample. Minimizing the volume of the sample decreases the likelihood of ice crystal formation and thereby promotes vitrification (Arav, 1992; Arav et al., 2002; Yavin and Arav, 2007) . Several techniques have been developed to decrease the volume of the sample, such as: open pulled straws (OPS) (Vajta et al., 1997) , electron microscope grids (Steponkus et al., 1990) , cryoloops (Lane et al., 1999) , cryotops (Kuwayama and Kato, 2000) and minimum drop size ( (Arav and Zeron, 1997; Yavin and Arav, 2001 ). However, most of these methods expose the VS containing the biological sample directly to the LN, which introduces a potential risk of cross-contamination (Bielanski et al., 2003) ; in fact, contamination of bovine embryos by viral pathogens during storage in LN has already been reported (Bielanski et al., 2000; Bielanski et al., 2003) .
The present paper describes an innovative method; 'sealed pulled straws' (SPS), which is designed to reduce the potential risk of contamination during vitrification while maintaining a high cooling rate in LN slush at 22108C. This method protects the biological sample from direct contact with the LN during the vitrification process and subsequent storage. The objectives of the study were to determine optimal and more robust vitrification protocols for murine embryos at different developmental stages, by evaluating their post-warming viability. Plunging an SPS into LN slush facilitates maintenance of a high cooling rate, thereby reducing the period the embryo spends in the 'dangerous zone'. The study examines the effect of different combinations of cooling rate and cryoprotectant concentration on embryo integrity in an attempt to increase the chances of vitrification without impairing embryo viability.
Materials and Methods

Chemicals and hormones
Unless otherwise indicated, all chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Cooling rate and temperature measurements
Cooling rate was examined by plunging different cryo-carrier systems into LN and LN slush. Measurements were recorded by inserting a 50 mm diameter T-type thermocouple into a 0.5 ml drop of 100% VS inside SPS, super open pulled straws (SOPS) and 0.25 ml straws. The thermocouple was inserted into the SOPS in a very accurate and precise way after placing the drop (0.5 ml of 100% VS) inside the straws. The cryocarriers were plunged into LN at 21968C or into LN slush at 22108C. The thermocouple was connected to a data logger (ALMEMO 2290-4, Holzkirchen, Germany) that delivered the data collected every 0.1 s to a personal computer where it was recorded. Temperature was measured in the same manner during the sealing process, and thermal images were acquired with a radiometric infrared camera, model PM545 (FLIR Systems Inc., Wilsonville, OR, USA).
Animals and hormonal stimulation
Three-week-old F1 hybrid female CB6F1 mice (BALB/cOlaHsdÂC57BL/ 6JOlaHsd; Harlan, Rehovot, Israel) were housed and bred in accordance with national legislation guidelines. All experimental procedures were performed after written consent had been obtained from the Institutional Ethical Commission of the Hebrew University of Jerusalem. Mice were maintained under controlled conditions and a 14 h light/10 h dark photoperiod. Female mice were treated with 5 IU pregnant mare's serum gonadotrophin followed, 48 h later by 5 IU hCG, administered i.p. For IVF, females were paired with stud FVB/N males overnight. The presence of a copulation plug was considered as an indication that mating had occurred.
In vitro culture of embryos
Mated mice were sacrificed 20 h after hCG administration and ampullae were immediately transferred into M2 medium. Presumptive zygotes were released into a 300 mg/ml hyaluronidase drop, pooled and washed three times in M2 and once in fresh M16. Zygotes were placed into 20 ml drops of M16, each of which contained 20 embryos, to be cultured under mineral oil in an incubator, model 3110 (ThermoForma, Marietta, OH, USA) at 378C, 5% CO 2 and 95% humidity until developing to the desired stage for vitrification. Embryonic stage was evaluated at 29, 53 and 90 h post-hCG administration corresponding to the 2-cell, 4-8-cell and early-blastocysts stages, respectively.
Cryopreservation at different cooling rates
The first experiment was aimed at examining the effect of three cooling rates: slow, rapid and ultrarapid on in vitro grown blastocyst embryos. Blastocysts were randomly divided equally into experimental groups. The stock cryoprotectant '100% VS' contained 38% (v/v, 5 M) ethylene glycol (EG), 0.5 M trehalose and 6% bovine serum albumin in phosphatebuffered saline (PBS). In preliminary experiments embryo viability was examined after exposure to increasing VS concentrations: 65, 75, 87.5 and 100% for 30 s on a heated working stage set to 308C without subsequent cryopreservation. Of these, 87.5% VS was found to be the most suitable and least toxic and was therefore selected for the remaining experiments.
Ten blastocysts at a time were exposed to 10% VS for 2 min, transferred to 50% VS and thereafter to a final VS concentration of 87.5%. The VS-equilibrated embryos were then loaded into either 0.25 ml straws or SOPS (Minitub, Tiefenbach, Germany). Sealing, when performed, was achieved by applying a soldering device Model SMD1500S (ERSA, Wertheim, Germany) to the 0.25 ml straws and the narrow end of the SOPS, creating SPS. The wide end of the SPS was closed by inserting an identification rod. The loading volume was 10 ml for 0.25 ml straws and 0.5 ml for SPS (Fig. 1) . The embryos were exposed to the final solution for 30 s during loading and sealing. SPS containing the embryos were either plunged into LN slush produced by a VitMaster apparatus (IMT Ltd, NessZiona, Israel) and vitrified at an ultrarapid cooling rate or plunged into LN for the rapid cooling rate. To achieve a slow cooling rate the 0.25 ml straws were plunged into LN. Embryos were warmed by exposing the SPS and the 0.25 ml straws to room temperature for 1 and 5 s, respectively, to minimize the occurrence of devitrification and recrystallization. The samples were then immediately plunged into the VitMaster warming chamber, which contained 70% ethanol at 378C, for 5 s. The straws were then withdrawn from the warming chamber and the sealed end was carefully cut off. The embryos were immersed in a 200 ml drop of 0.6 M trehalose in PBS buffer for 4 min on a heated working stage set to 308C and then transferred through a series of solutions containing decreasing concentrations of trehalose, 0.5, 0.4, 0.3, 0.2 and 0.1 M, for 2 min each. Viability was evaluated according to the ability of the embryos to develop into expanded blastocysts and live/dead cell counts were recorded.
Cryopreservation at different cryoprotectant concentrations
The second experiment was aimed at examining the effect of VS at different final concentrations on embryos at the 2-cell stage. Following in vitro culture, the 2-cell stage embryos were randomly divided equally into experimental groups. Ten embryos at a time were exposed to 10% VS for 2 min, transferred into 50% VS, and immediately thereafter into a final VS at different concentrations: 65, 75, 87.5 and 100%. Then, embryos were vitrified at an ultrarapid cooling rate and warmed as already described. The 2-cell embryos were re-cultured and evaluated according to their ability to survive, cleave and subsequently form blastocysts.
Cryopreservation at different developmental stages
The third experiment examined the effect of vitrification at an ultrarapid cooling rate on different developmental stages. Zygotes at the two pronuclei (2PN) stage and embryos at the 4 -8-cell stage were vitrified in a final VS concentration of 87.5% as already described. The early stage embryos were recultured and evaluated according to their ability to survive, cleave and subsequently form blastocysts.
Blastocyst total cell count and live/dead staining
Blastocysts were incubated at 378C in 50 ml drops of 0.1% (w/v) pronase solution for 5 to 10 min to remove the zona pellucida. Immediately thereafter, blastocysts were transferred into the staining solution: 1 ml of PBS-polyvinylpyrrolidone (PVP) (1 mg/ml) containing 4 ml propidium iodide (PI, 2.5 mg/ml) and 1 ml Hoechst 33342 (40 mg/ml) for 15 min at 378C in the dark. Blastocysts were washed three times in PBS-PVP and viability was determined by assessing blastomere cell count and percentage of live/dead cells using a fluorescent microscope (Nikon Eclipse 50i, equipped with Nikon digital camera DXM1200F) at Â200 magnification with excitation at 352 nm and emission at 449 nm for the Hoechst 33342 staining, and excitation at 536 nm and emission at 617 nm for the PI staining.
Statistical analysis
Differences between treatments were subjected to one-way analysis of variance. The x 2 test was used for comparisons between experimental groups. Data are mean + SEM. All statistical procedures were carried out using the JMPIN 5.0.1 software (SAS Institute Inc., Cary, NC, USA). Significance level was P , 0.05 unless otherwise indicated.
Results
Cooling rate and temperature measurements
To determine the cooling rate inside the SPS, SOPS and 0.25 ml straws, temperature was measured while plunging the carriers into LN, at 21968C. SPS were also plunged into LN slush, at 22108C (Fig. 2a) . The slowest cooling rate was measured with the 0.25 ml straws in LN: it was 11608C/min within the 'dangerous zone' between 25 and 08C ( Fig. 2b) . A 2.5-, 6-and 45-fold increase in cooling rate was observed for SPS in LN (27508C/min), SOPS in LN (66008C/min) and SPS in LN slush (52 8008C/min), respectively. Further analysis of the cooling rate between 25 and 21408C (below the latter temperature there is no spontaneous ice nucleation) revealed cooling rates of: (i) 17008C/min when 0.25 ml straws were plunged into LN, (ii) 81008C/min when SPS were plunged into LN, (iii) 13 1008C/min when SOPS were plunged into LN and (iv) 32 2008C/min when SPS were plunged into LN slush (Table I) . Recrystallization, which is characterized by whitening of the sample during the warming process, was detected in the SPS and 0.25 ml straws in LN, but not in SPS in LN slush or SOPS in LN. Cooling rate when plunging SOPS into LN was twice that obtained with SPS in LN.
To assess the potential risk of overheating during the sealing process, the temperature in the drop that contained the embryo Embryo vitrification in sealed pulled straws was monitored. The drop temperature was not affected by the heat inflicted by the soldering device. Figure 3 shows an infrared thermal image of an SPS; despite the fact that the temperature of the soldering device was 58.48C, the temperature measured at the sealed end immediately after soldering was 25.88C, and that in the drop containing the embryos remained at room temperature (238C). Maintenance of a constant temperature in the drop containing the embryos was achieved by means of the air bubble and the extra VS drop that did not contain embryos, which served as buffers (Fig. 1) . A constant temperature was also measured in the VS drop in the SPS, with the thermocouple confirming the results.
Cryopreservation at different cooling rates
In the first experiment, exposure of in vitro-derived blastocysts to the solution effect (87.5% VS) did not affect their mechanical characteristics, embryonic potential for re-expansion or percentage of live blastomeres (Table II) , similar to the control group (P . 0.05). Blastocysts were cryopreserved at ultrarapid (32 2008C/min), rapid (81008C/ min) and slow (17008C/min) cooling rates. At the slow cooling rate, significantly more embryos were lost during the process, i.e. recovery rate was low as compared with the ultrarapid cooling rate. Blastocysts that were vitrified using the ultrarapid cooling rate protocol exhibited a similar re-expansion rate as those vitrified under the rapid cooling rate. Both of these rapid cooling groups presented a significantly higher (P , 0.05) re-expansion rate than blastocysts preserved at the slow cooling rate. Zona pellucida integrity was similar among the three cryopreserved groups. It was interesting to note that during the warming procedure the VS phase-transition behaviour differed between the SPS and 0.25 ml straws: while the VS inside the SPS remained clear during warming, that inside the 0.25 ml straws turned white, suggesting that recrystallization occurred during the warming process. The percentage of live cells was dramatically decreased (P , 0.05) in the slow cooling group relative to both the rapid and ultrarapid groups.
Cryopreservation at different cryoprotectant concentrations
To test the effect of cryoprotectant concentration on embryos at the 2-cell stage, embryos were vitrified in VS at several different final concentrations. VS at a concentration of 65, 75, 87.5 and 100% resulted in blastocyst development from 2-cell stage vitrified embryos of 63 + 5.2 (54/86), 79 + 3.6 (99/126), 45 + 7.5 (20/44) and 31 + 6.5% (16/ 51), respectively (Fig. 4) from the group vitrified in 75% VS, but it did differ significantly (P , 0.05) from the 65, 87.5 and 100% VS groups.
Cryopreservation at different developmental stages
In the third experiment, of the embryos at the 2PN stage that were vitrified in 87.5% VS, 81 + 3% of the zygotes survived, 77 + 3.6% cleaved into the 2-cell stage and 68 + 4.5% developed further and formed blastocysts. In the fresh control group, the cleavage rates to the 2-cell stage and blastocyst formation rate were 91 + 2.6 and 74 + 4.2%, respectively (Table III) . Embryos vitrified at the 4 -8-cell stage exhibited a sensitivity similar to that of the 2PN zygotes, yielding 60 + 3.7% blastocyst formation in 87.5% VS. These results were comparable to those obtained in the control group, with 83 + 3.1% of the embryos reaching the blastocyst stage (Table III) .
Discussion
Successful oocyte and embryo cryopreservation is an important tool for assisted reproduction technology. The vitrification method described here employs LN slush and SPS, which combine to ensure a rapid cooling rate under aseptic conditions. The minimal drop volume together with the high cooling rate enabled a reduction in cryoprotectant concentration without increasing the likelihood of crystallization throughout vitrification (Yavin and Arav, 2007) and warming, and minimized exposure to the 'dangerous zone'. An optimal vitrification protocol can be adopted for each developmental stage resulting in successful vitrification and the maintenance of embryo viability. The high cooling rate achieved in the SPS plunged into LN slush reduces the chance of recrystallization during warming, as occurred in the 0.25 ml straws. This high rate is attributed to the direct contact created between the sample and the LN in the SOPS, which was prevented in the SPS samples which were sealed. The relatively low cooling rate achieved when plunging SPS into LN, combined with a reduction in cryoprotectant concentration compared with cryoprotectant concentration commonly used (Vajta et al., 1998) resulted in partial recrystallization during warming. The reason for the relatively high survival rate achieved has not yet been determined however, it is hypothesized to result from a reduction in the chilling injury or crystallization that can occur during cooling and warming.
During the process of cryopreservation, cells are exposed to subphysiological temperatures and are thus vulnerable to chilling injury because their lipids undergo phase transition (Ghetler et al., 2005) . The lipid composition of the membrane strongly influences its properties in general and its resistance to thermal stress in particular (Arav et al., 2000a; Zeron et al., 2001 Zeron et al., , 2002 . Chilling injury, which contributes to the extensive damage that occurs during the process of cryopreservation, is temperature-dependent; it may occur because of slow changes in membrane properties and integrity (Martino et al., 1996; Ghetler et al., 2005) . The cooling rate is a key factor in determining chilling resistance since it controls the duration of sample exposure to the temperatures within the 'dangerous zone' (Mazur et al., 1992) . Previous results of blastocyst cryopreservation have been too inconsistent (Zhu et al., 1993; Liebermann and Tucker, 2004) Embryo vitrification in sealed pulled straws of blastocysts to subphysiological temperatures during cooling (Stehlik et al., 2005) . In the current study, an attempt was made to cryopreserve embryos at this stage using the combined SPS and LN slush method. Plunging SPS into LN slush increased the cooling rate, thereby reducing the period embryos were exposed to low temperatures during their transition through the 'dangerous zone'. This appeared to decrease chilling injury, as evidenced by the improved cryopreservation of blastocyst-stage embryos. In particular, a higher survival (re-expansion) rate and higher proportion of live blastomeres were achieved as compared with blastocysts preserved under the slow cooling rate. An increase in cooling rate may permit a reduction in cryoprotectant concentration (Rall, 1987) , which, since cryoprotective solutions are toxic to embryos, might be beneficial for embryo survival. Procedures that increase cooling rates to above 20 0008C/min may offer the advantage of achieving vitrification at lower cryoprotectant concentrations (Palasz and Mapletoft, 1996) . Establishing a suitable cryoprotectant concentration for each stage of embryonic development requires a delicate balance. On the one hand, using high cryoprotectant concentrations to increase the probability of vitrification and to avoid recrystallization during warming is not recommended. On the other, decreasing the cryoprotectant concentration in order to reduce the chances of toxicity and osmotic shock will result in ice crystal formation. A suitable balance must be achieved in each and every cryopreservation procedure, since optimal vitrification conditions are an important factor in successful embryo survival during warming (Yavin and Arav, 2007) . Durability of embryos to toxicity and osmotic shock caused by high cryoprotectant concentrations is dependent on the time of exposure: the period during which embryos are exposed to these cryoprotectants may be minimized when the method is applied by a skilled technician. A reduction in cryoprotectant concentration may be beneficial to the embryos since it will reduce time dependency and decrease both toxic and osmotic effects. Nevertheless, the reduction in cryoprotectant concentration must be moderate because low cryoprotectant concentrations may also cause devitrification and recrystallization during warming. In the present study, an examination of blastocyst development after vitrification and warming at the 2-cell stage showed a dramatic increase in the probability of vitrification with an increase in the VS concentration to 75%. With lower cryoprotectant concentrations however, the drop containing the embryos will recrystallize during warming and ice crystals will damage the cells. Embryos at different developmental stages that were vitrified at a final cryoprotectant concentration of 87.5% VS, resulted in significantly different blastocyst formation rates; the vitrified 2-cell-stage embryos were the most sensitive and exhibited a lower potential to develop to the blastocyst stage. This emphasizes the embryo's stage-specific sensitivity to cryoprotectants. Studies comparing cryopreservation at different embryonic stages with different cryoprotectants showed a positive correlation between embryonic stage and blastocyst formation when embryos were vitrified in VS containing 15% EG (v/v) and 15% (v/v) dimethyl sulphoxide (DMSO) (Zhou et al., 2005) . For embryos cryopreserved in 4.5 M DMSO, those at the blastocyst stage were most affected and their developmental rate was reduced relative to the other embryonic stages (Shaw et al., 1991) . Compared with other cryoprotectants, EG permeates better (Szell et al., 1989) and is less-toxic to embryos (Ali and Shelton, 1993) than DMSO (Yang et al., 2007) . High osmotic pressure and toxicity after exposure to higher cryoprotectant concentrations appeared to damage embryonic development to different degrees, depending on the embryonic stage. Since devitrification and recrystallization may also impair the rate of embryo survival, the conditions of the warming process are very important. The quantity and size of the ice formed during warming depends on severa1 factors, in particular the concentration and composition of the VS and the rate of warming (Luyet and Rasmussen, 1968; Boutron and Kaufmann, 1978) . Optimal warming is considered to consist of two phases: the first requires slow warming from the storage temperature of 21968C up to the glass transition temperature (Tg) of under 21408C, and the second phase requires rapid warming up to physiological temperature (Macfarlane, 1986; Boutron and Mehl, 1990; Karlsson, 2001) . The devitrification of a vitreous cytoplasm during warming has been found to be associated with the death of embryos warmed slowly after conventional cryopreservation (Rall et al., 1984) . However, this injury can be prevented when the rate of warming is high enough to prevent cytoplasmic devitrification (Rall, 1987) .
The SPS vitrification method provides an additional benefit: a rapid cooling rate under aseptic conditions. It is well known that LN provides excellent conditions for the survival of most infectious agents, as exemplified by the contamination of straws with hepatitis B (Tedder et al., 1995) , and of LN tanks with Aspergillus sp. (Fountain et al., 1997) and other human and animal viral pathogens (Bielanski et al., 2000) . Contamination of the straw's contents can originate outside the straw during filling or sealing, by direct contact during the vitrification process, or during storage because of defective sealing. In recent studies, attempts have been made to prevent LN from coming in direct contact with the embryos, both before and after vitrification: for example, OPS were inserted into a 0.5 ml Different superscripts letters within columns denote significant differences (P , 0.05).
holding straw that was closed with steel balls to prevent LN leakage, and were then vitrified. This method strongly impaired the cooling rate, reducing it to below 2008C/min . In other attempts, OPS were plunged into LN and then immediately loaded into precooled holding straws that were closed at both ends with steel balls (Jelinkova et al., 2002) , or were drawn into thin pipettes to ensure a high cooling rate when plunged into LN slush, and were then placed in final storage straws (Walker et al., 2004) . The advantage of the SPS-based method is that the straws are sealed before vitrification, so that direct contact with the LN is avoided during the process as well as during storage, preventing the potential risk of contamination. The fact that the SPS are sealed does not compromise the high cooling rate essential for successful vitrification. In addition, no embryo loss was observed as a result of movement of the VS containing the embryos inside the straw in the SPS, as has occasionally occurred with other vitrification methods.
The results of the present study show high survival rates of embryos at several developmental stages, after enclosure in SPS and vitrification in LN slush. Use of the vitrification cryopreservation method enabled us to increase the cooling rate, thereby minimizing embryo exposure to the 'dangerous zone' of temperatures that cause chilling injury. Plunging embryos enclosed in SPS into LN slush permitted increased cooling rates and led to successful cryopreservation of mouse embryos at all stages in the presence of low concentrations of VS. This may allow a reduction in cryoprotectant concentration and thus, in cryoprotectant toxicity level. This technique could be modified to suit different stages of embryonic development and adapted for use in various species. However, more studies are needed to examine the interactions of different cryoprotectant concentrations based on EG and ultrarapid vitrification of embryos at different stages. The tolerance of early stage embryos to EG must be examined in combination with a crystal-free-formation cryopreservation method. In addition, the potential risk of contamination from other samples stored in the same LN containers has been postulated. Further studies to address the subject of cells that have been previously identified as chilling-sensitive are warranted in order to further evaluate this method.
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